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hiCNP: PHOTON BENCHMARK PIU?13LEMS

by

Daniel J. Whalen

David E. Hollowell

John S. Hendricks

ABSTRACT

increased use of radia-

greater user and insti-

The recent widespread, markedly

tion transport codes has produced

tutional demand for assurance that such codes give correct

results. Responding to these pressing requirements for code

validation, the general purpose Monte Carlo transport code

MCNP has been tested on six different photon problem fami-

lies. MCNP was used to simulate these s~.x sets numerically. .

Results for each were compared to the set’s analytical or

experimental data. MCNP successfully predicted the ana-

Iytical or experimental results of all six families within the

statistical uncertainty inherent in the Monte Carlo method.

I+om this we conclude that MCNP can accurately model a

broad spectrum of photon transport problems.

I. INTRODUCTION

A. Importance and Uses of Benchmarks

This report presents a series of six MCNP amdyt icitl and photon benchmark fare-

ily calcukt ions mmt aining a t d al of sixt cen cliffcrcnt prol)ltvns that were calculated J

using MCNP version 4 on the Cray Y-MP computer at Los Alamos National Lab-

oratory. hlC.NP 1 is a gcncrd purpose Monte Carlo radiation transport code that

1 Judith F. Bricameister, Editor, “MCIVP - A General hfontc Carlo ,Code for Neutron and Photon “l’ran*

port, Version 3A,- Loa Alamoa National Laboratory Report LA-7396-IU, Rev. 2 (1986), p. iii.
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can numcricnlly simulate neutron, photon, and electron transport. It cnn solve 3-

D, tinle-<lc~>c’ll(ic[lt. continuous energy radiation tmnsport prohhvns and hn:; Imm

ndnptrJ to opt”ratc in many (Iitfcrcnt computer systems tmd (~xlvir(}l~l]~f”~itse

‘J’iw bcnchnmrking of radi~ t ion t rzmsport modeling cod.’s llZLSbmxmw incrv:w-

inglj’ important, in part l~L”causc the widcsprcm! usc of such codes lms prolif(*r-

n’rd :Iriun;] t icidlv in recent years.. Incrcasixlg cxpcrin](mtid costs and (lcwrvitsiug.

co:llpu tilt ional costs me mnking nunvv-ical t i’iUISpOlt simulation mmw ilt t ract i“bv,

cspcciidly wht.m experiment:; might otherwise hnvc to be comiuctcd in hnzardmw

environments. .%0, improved computational techniques in chcsr codes as well as

faster inld better conlp”ll.’ec make reliance upon numericnl modeling nmrc fca.sildc.

.~ccon)panying the w; “cspread incrczused llsc of ritdiaticm triuqmrt codes is a

great m dcmumd from Cl:e user conummity for nwurnnce that the Codvs iir(’ ilmux’iit (’

for m l)l{)iid a spectrum of problems M possible. In addition, r(:gidi~t{>r~ i~g(’i)~i~s

such as the DOE are insisting upon better code validation. Code quitlity control

I_ilitj’ even become a legal issue. These user and institutional clcmands motivated

the ctalculat ion and compilation oft he photon benchmarks prcscntml hem. Ncut ron

benchmarks will soon follow.

Bcnchmadw are standard problems for which either iumlytical solutions or accu-

rate experimental datn exist. The transport code numerical models of such prob-

lems arc of great viduc to code validation for the following rc,asons:

● they verify that the code functions properly

● they verify that the cross-section data used by the code are accurate

● they hcIp certify that a user has learned to usc the code correctly

Successful transport-problem numerical modeling rests upon two foundations: (a)

validation of the code and its data, and (b) validnt ion of the user.

Benchmark problems constitute a standard against which the performance and

accuracy of a code can be gauged. If a code can correctly predict the experimcntid

or analytical results of a wide range of benchmarks within expcrimcntaI error and

Monte Carlo statistical limits, the user can generally be assured that the code

functions properly. However, if errors are present in a code, they can assume many

different forms, ranging from mistakes in the coding to inadequate physics treatment

within the code. Such mistakes generally will cause system errors, crashes, or large

errors in computed results. In the cases where the code error produces inaccurate
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~c~ults, ~olxlpmisol: to a bcx:chlll=k will detect the error. Benchmarks ~1~ ak

IIs~.t’ul for ~liccking a codt~’s operation after it has ken moved bctwt’(”z] diffrr~i!lt

compbh’rs or opt.vmt ing systems.

“i’o sim{llnte the physic,al ~mxwsses i’. radint ion transport, MCNP IISP: (wprri-

mcutnlly Iucnsurcd cr~w-st’ct ion dnt u. W .rhin t ho cross- srction datn ‘I}nwicxi that

IIC’N’P st mm ;md accesses, there arc lit erid]y millions of nmllbcl x Simw ~lime cross

sect if]lls ilr(’ cxl~(’rinwnt ally tl(’tcrmined, thcrr me mqxv’imcnt nl 1]11~.mtaillt if’s nsso-

{“iiitcd wit h tll(’11]. PrOl)iLbl~ the lllili:l limitation of tht’ ability of pl cwmt transport

codes to IImdI>l certnin problems accurately is the lack of precisely kll(nvll crow

s~v”tions. BenchII];lr~s CtUI prt]vidc very sensitive ch(:cks of ~mcc:rtainties 01 (’rr(m;

in cross-section data. For cxwnp]e, if only n 5% error is a..smned in n total crosrn

section (it small expcrimcnttd error for much of the higher energy neutron data), a

6JX mlor2 in the uncollidc~l flux can accrue after only 10 mean frc~ paths (MFP).

C(mlparisorl of such results to a benchmark will dcmonstmte this error.

Bclw}::n,arks can also gauge a user’s ability to opern[t” n code. Lcaming to use

powerful COCICScorrectly can require considmablc time ami rffort. Accompanying

the power mid \’ersatility of such codes comes n greater potcrttinl for incorrect Ilsc

and inaccuracy. Alt bough the correct modeling of benchmarks cannot ccrt ify t hit

a user has ncqui:cd tot ,al con~ petencc with a code, these models can considerably

improve n user’s ahllity and confidence.

In this report hfCNP input files tic provided in the Appendix as part of the

description of each bcnchmruk. If users phm to study these bmchmarks to gain

competence with MCNP. we strongly urge that they first att :mpt to set up the

problems by themselves ~]cfore studying the input fi)es. This effort will help ensure

that users gain jwisund ability with the code rather than a simple um!wstancling

of what someone CISC hay done. Each problem is dcwribed in s~lfficient detail for

users to correctly srt ill) t hrDprobkn geometry, smlrc( , aid tally set. Also, insight

is provide(! into how l’ill Iiilit t“ i t duct ion t cchniql;m wcr(’ applied for each problem.

Il. Benchnmrk Guidclilles

Thr mail] purpose for benchmarking MCNP is to establish that it functions

properly and can model a wide range of problems accurately. Besides whether or

2 Thmaa P. t~ilcox, Jr. and Edward M. Lent, ‘(XX - A Particlc TrnrurportCode IMgned LOSalve the

[Mtzmann Equation for Deep Pclmtration (Shielding} PI,,oleIIIF.- VOI.4, “i%nchmcrk Problems,w Lawem?

Liverrmre Nationat Laboratory Report M-22 I-4 ( 12/2/88), p. 2.

3



not a code functions properly, the two central questions of both new and experienced

transport code users are aa follows:

● what are the strengths and limitations of a given transport code, and what

kinds of problems does it not solve well?

● when can one be certain that transport code results are correct, and how much

confidence can be placed in them?

It is important to address these questions and to see how benchmarks can answer

them, at least in part.

One of MCNP’s strengths is that it can model problems ranging from reactor

design to radiation shielding to medical physics. The MCNP code has undergone

over 300 person years of development and refiement, and has been successfully

used worldwide at hundreds of installations. 3 These attributes make the possibility

of significant errors in the code very remote. The benchmark problems reported

here provide additional excellent confirmation of how well MCNP models a wide

range of problems. However, they cannot guarantee that MCNP can accurately

simulate every conceivable problem.

The main limitation in MCNP’S ability to model problems correctly is the lack

of well known cross sections. It is impossible to list what problems MCNP can or

cannot adequately simulate. Nevertheless, a good general guideline is that MCNP

can model well those problems whose cross sections have been experimentally well

measured, Special care should be exercised in the interpretation and use of MCNP

results for problems whose cross sections are not well characterized. An example

of such a problem is one involving very high energy neutrons whose scattering and

absorption cross sections are poorly known.

The emphases in industrial and scientific research tend to define what cross sec-

tions are well known and consequently what problems can be simulated well. Future

shifts in research foci will fill in the gaps in cross-section data that restrict present

code performance. The capabilities of MCNP are constantly being upgraded as

new data sets and computational techniques become available. MCNP’S abilities

and accuracy will continue to be sharpened as future problems are modeled and

analyzed.

The question of whether code results are correct and what confidence can be

placed in them is a challenging one. The only certain way researchers can know

3 Briesmeister (Ref. 1), p. iv.
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hi it code resuks are vakl is to obtmm experfiental Or M~Y ~i~~ rf=ult~ for s .

(de Compmisou. Othrmvisc, tlwrc exists no singk stwdmi or algorithm that .“”

cnnldcs cmie mum to tietcrmine how much confidence they can place in their code ‘

estinmt es. Nm-md dess. transport codes can be used to prcdic t experiment id rumlts ,.

the results beforehand if users take

transport code, it is important+ if

rind its physics wdl f!nougli to have

,,,

o to tmdtirstand the code’s fmwt ion! physics; and data library well enough not

to use it w a ‘black box. ‘e ‘

This knowledge will ptovide rwcarchers with some ability to judge code predictions

{andknow btiforehimd whethm the code physics Aquntcly treats the problem. The

confirm otw am)t her?) This checking will ca.teh many types of internal code errors,

if l.~l~iy~~~ist. .,..

It may hap~mn that even the gentiid rt+sklts of a problem or planned experiment,., . .
caiumt be predicted before the”fact ~ tir, thti ,a ,.researcher is not certain a code is

,,,
vididat(xi for a chts$ of pro}>lctms.,~fi this situ[itiont t~rs @anvali&e their code f(i~

.thcir experiment ‘&~fubws: ,, ,“,, .. !,. .. ’.!

.,, :, .,;,,,, : ... ,.,

● find an already @%&@ ex~rirnent that i# ti sirnil~,”aq ~b’le to. the O* ~ ,,:
.:, .,, ,: ,,’,

in quest iati
.,:. ,,.,.,, ,,, , ... :. .,.,, \,. .,,’ .’, ,,,., .,.

● use the code to Nl(idcl, its measurements an(l Cliltti
,,, , .,. .

., .-. ,, ..
.,. .

., .,,

0 compare th~ code mtim:il~.s to the mcnwrd dntn
..

,, .,,.,.’ “,, ,, ,..
Thi9 tcchniqtie has sm’ernl advantages. F]rst. stich a benchmark can be a. “hss” ~~~” “ ~

N&arsal’” ““ftir t)io oxjwriniciir lming inycstigated. Sccondq if the code nmdt+i tik : :,..
)m twsur+d that,the nc,w”tix-” ““ “. . .
t]lc”,bck]m]ark rhir~ givd ,an ~ :

.,, ,.. ::.’ “::, ,;
Iicw experiment. ~ TlicrcforeQ
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even if experimenters do not know a priori whether their code will give valid results

what degree of confidenm can be placed in the code.

C. Problem Overview

The six benchmark problems chosen

port only. They arc identical to those

at LLNL to vtdi(latc their COG Monte

allidJ’t ical solutions and were taken to

for present ntion herr involve photon tran5-

IIWN1by Thomas Wih-ox and Edward Lent

Carlo code.4 Three of the bcnchnmrks have

be photon problems. The ot hcr t IIrce &c*re.

t hc focus of actual cxperimcilt al study. Bccausc t hesc lxmchmarlts were also usml

to validate COG, tlw h[ChTP results of (*acll prohlcm were compared to thr corre-

sponding COG results as well as the analytic or experimental results. An overview

of t hcse benchmarks appears in Tables 1 and 2.4

The analytical problems were chosen for study in part because they require mod-

ificd physics trcatnmlts which test MCNP’S flexibility. They were also chosen

because their precise results allow the detection of small omputatiomd errors that

might otherwise be masked by experimental error. Amdytical proldcms are also

free of the ambiguities in experimental description that are sometimes present in

scientific papers. Such ambiguities can greatly complicate the numerical simulation

of an cxpcrimcnt al benchmark.

The experimental problems were chosen for simulation because they test MCNP’S

ability to solve more complicated problems. These experiments involve deep pene-

trat ion and scattering which heavily test MCNP’S variance reduction capabilities.

They also cover a wide range of photon energies and material compositions. Them

are also hirge differences in experiment geometry among the threq benchnmrks.

These problems demonstrate the broad spectrum of experimental conditions for

which MCNP is validated.

4 Wikox and Lent (Ref. 8), pp. 4-9.
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TABLE 1

DESCRIPTION OF MCNP PHOTON BENCHMARK PROBLEMS
.

Problem Problctn Sub- lkxript ion ~nmgy
Number Ty\)e Category Range —

;\naIytic

Analytic

Experimental/
Cornput ational

Experiment

Experiment

#l

b

c

a

b

c

d

a

b

c

d

c

f

Point smrcc i]) an

infinite nwdium with

constant isOtfopic-scatter/
absorption cross sections:

C,cat = O,~ab, = flfO1

(-r,ca;= oo~ot,,(, ~=b, = 0.70tuf

o,~at = O.!b:d, C!ab,= o. latot

Point source centered
in a spherical scatterer
with constant isotropic-

scat ter and absorption
cross sec.tions

Point source in an infinite

medium with Compton

scattering, pair production

and photoelectric effects only

Uniform ‘Co surface
source on an infinite air-
ground interface.

A cone v-source is directed
skyward and skyshine doses
on the ground are meaaurcd

Cylindrical y-ray spectrometer
with six point-source energies:

a Co source: 1,33/1.17 McV

137 Cs source: 661 KeV

*98Au source: 412 Kc\’

170Tm source: 841 licV

24* Am source: 59.6 i(cv

Stn & source: 39.!? Kcv

11 iicv- 1 K(?v

1 MeV-1 KcV

Al: 1 MeV- 1 K(DV

Al: 10 McV- 1 KcV

Pb: 1 hlcV- 1 K(DV

Pb: 10 MeV-l KcV

1.33 MeV-l KcV

1.33 Mcv-1 Iicv

Source Encrgy-

1 Kcv

I

7
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‘TABLE 2

DESCRIPTION OF MCXP P1iOTON BENCHMARK PROBLEMS

Problem Quantities Princij}al Material ( ‘oflllncnts

Number computed Compositknl

1 Particle current
through a surface

2 Flux at a point
outside a sphere

3 Ener~v response/hlcV:
(encr~v flux over a
sphere) s 4~r2@’’/JleV,
where pr = # of MFi’
of the sphere radius

4 Dose buildup factor
(total (iosc/uncollided
dose) 3 ft. above
ground. Angular Iierma
rate ((ergs deposited in
the matcriaI]/grams. sec.
steradian) around a point
3 ft. above ground.

5 pRIX/hr/Curie at
outdmr ground level
detectors

6 Dose ratios of TLDs
in a teflon cylinder

Arbitrary (the photon
physics dcpcndud only
on a(Of and p, which
were arbitrary )

Arbitrary : problem
physics was the same
as for benchmark 1

Aluminum
(1 & 10 MeV)
Lead
(1 & 10 MeV)

Air and
soil

Air and
soil

Air, iron,
tcflon

Kcquired minor Jff9NI)
code alteratio[l to restrict
tlw photon physics and to
accept constant cross sections

Requires MCNP source
code alterations as in
benchmark 1.

Photon electron
physics restricted to
Compton scattering, pair
production, and ph~to-
clcct ric capt urv

Deep penetration and
scat tering problem: a
di~cult variance

reduction challenge

Scattering proldcm -
experiment al dcsc ription
ambiguities were present

IIigh scattering
problem, especially at
lower source cncrgics

9



II. BENCHMARK PROBLEM ONE - INFINITE MEDIUM PRO13-

LEM WITH A CONSTANT CROSS SECTION AND ISOTROPIC
SCATTERING

A. Probleln History and Description

The isotropic poiut SOU:CCin a homogeneous infhlite mc,lium is a classic example

of iili (~il~l~ I)i~rt ich~ transpott problem with nn nn,alytical solution, and WM studied

by C’ilS(’ et ill. in l!153. [n this proLlenl, 8 point source of padicles is locatrd in a

homogcwxms infinite medium where eithci absorpt ion or isot ropic scat tering occurs,

each wit h a cross section that is constant for all particle energies (see Fig. 1.1).

The number of piwticlcs itt several given distances from the point source is then

computed. The analytical solution to this problem along with its numerical results

is discussed in detail in Cuse et al.s

31CXP was used to calculate the results of this probIcm (which wtis taken to be

a photon problcm) for three distinct cases:

Oub= = Utotal, ‘.* Cat = O - in which case the number of photons surviving to a

dist ancc r from the source is e-g’, where p is the inverse of the photon mean

fmc path length (iIFP).

The MCNP results

u~~~t= 0.9 atol.~

of these calculations for 30fZ0 and 90% scattering were com-

pared to the analytical rcslllt~ f’,r the problem in Tiibles 17 and 1S of Case et al.G

along with the corrcsprnldiug COG nsilts .7 Since the total photon cross section is

constant for all p:]rticb, ~“lmrgics (and wca.. taken to be the same in all three cases),

the photon SIFP -vt,~ ~{!w1 rrmst ant for all energies. This problem was chosen as a

benchmark in par! },J 1~ 1 m~an rtnalytical solution that allows any potential

small MCNP ~ ,-~>[1’ i i(,lla. Priors to be re~ily detected, It was also chosen to

test 3’lCXP”’ : !‘. to wit ~~i o.rIy alter, include, or ignore different elements of ph~

ton/clcctrt ,s kurch( rlnotcf, the problcm is also conveniently independent

of real cross =cctiorls and their unccrtainticso

5 K N Case, F, & liotTmann. ●nd G, P!aczek. lntreduction to the Theory ‘of Neutron Dillusion, VOI. 1,. .

U.S. Gvcrnrnent Printing Olfice, Washington,

6 ibid, pp: 100-101:

7 W’ilcoxand Lent (Ref. 8). pp. 12-13.

D,C. (1953), pp, 66-101.

!)
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B. MCNP Problem Model

1. MC;NP Geon~etry. A point isotropic xmlce of gamna rays (with an

m-bit rarily chosen cner~v of 1.() MeV, since the a’s are con: 1nnt ) was plnccd at th(’

origin of n c“oor(liui~[e systcm. A sphericnl cell tvith a .3 MFP radiu~ ( 1 photon MFP

was 1 cxn in d t hrcc cases) was then cel~tered at the origin. Fourteen additional

culls, cacll dtfinmi to be the region between two concentric spheres ccntcmd at the

origin, were then ~dmxxl around the sphere cell. The first five com-ent ric shell cells

\vi*rc 0.2, 0.3, 0,2, (.).5, nml ().5 31FP thick, rw+pcctively. Thc next eight sIw1l crUs

NVrC each 1 \lFP thick. iliitl the outermost ccl] was 15 MFP thick. The problcrn

l>~(l:ldi~r~ \~i\~ the outermost sphere (of 25 MFP radius), and the region beyond it

\\ iLS Illil(lt? il voi($,

The inlmt file for the 30% scattering case is found

2. Cross-Sections Material Composition.

length wzs chosen to b{’ onc cm when the ~u-oblcvn

in Table A. 1 of the Appendix,

The particle mean free ~mth-

was originally solved tmalyti-

caUy.8 The com-spending MCNP photon NIFF’ is found from the total microscopic

photon cross section a,xi the atom density of the medium as follows:

1 MFP (in cm) = { [at., (in barns)] x [p( atom density, in 1024=)] }‘]

In the problem mode!. atOt and p were arbitrarily chosen to be const ants thiit satisfy

the criterion that I/up = 1 cm, and were kept constant for all three ca..cs. Thv

medium was iwbitrarily chosen to be hydrogen, since the physics of this problem

d<~pcntls only on a and p, not cm what matcri,al the mcdiurn actually is.

3. MCNP Photon/Electron Physics. Next, it was necessary to modify

JIC!XP to cnidde it to do tlvo things:

1. accept user-input absorption and isotropic scat tcr cross sections constant for

all energies.

2. cause photons to undergo either totitl absorption or isotropic scattering only -

11.. ot iwr phot on/rlcct ron physics would occur.

This modification was accomplished by minor altcriitiorl of NfCNP, shown in the

patch file listing in Tabk .+.2 of the Appendix. The code alterations to MCNP

inst r~lc tcd it to t rest a photon absorption as a photoelcct ric capture and to model an

isotropic scat tcr as a photoelectric fluorescence. In this scat tering mode), a photon

i:ttcr:wts with an electron, ejects it from the atom, and is annihilated in the process.

8 CMC d al. (Ref. 2). p. 100.
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‘1’hcelectron is then reabsorbed back into an atom with a photon conscqlwntly being

isotrol)icnlly emitted. TiIc net result of this process is an isotropic photon scnttcr.

The code ahcrations to MCNP .assiguecl a constant cross section to each process

thitt is spccifitxl @ the user in tlw

RDUhl

4. Code Tallies. .4ftrr the

tallies were placed on the first 14

outcrnlost sphere was nut tallied

particles/cmz ) vwrc multiplied by

card:

input file by JU1RDUM card of the form

~tot uobs (in bnrns)

code wa.. modified, surface photon flux (F2:P )

spheres u.secl to specify the ccl] gco:uct ry (the

for particles), The results of onch tally (in

the itrca of the tally sphere using the AREA

AREA 7854 1 13R

Th( fiist number is t 11(.su;facc area of the 25 cm sphere. The fourteen ones that

ft)ii(>w cattse the tally to bc di /ided by one rather thnn the area. Thus, the effect

is to IIIult iply the result of each tally by its sphere surfiacc area. Multiplying each

flux cst imate by the area of its tally surfnce yields the tmmbcr of pimtons present

at cdl tally surface.

5. Variance Reduction). \Vith the tallies armngcd, importan xx were next

assigmxl to each CC1l. Till Iiliportance of each CC1lwas initially chosen to increase

‘iJ~.i f;i(-torof two for every \ 1FP between the origin and the inner surface of the

ct~li. Y .(>ywere then ad:. 1st cd 1)y trial and error to equalize the particle population

(and t her, ff ,s, Loptimize smi~l~lillg) in each cell. The three input files were then run

to obtairj ‘ JIe NICNP results for the problem.

C. Results and Discussion

1. The Three Cases. The MCXP data for pure absorption, W% scattering,

and 90% scattering appear in Figs. 1.2, 1.3, and 1.4, respectively, along with the

anaiyt ical results. The COG results also appear in the 30% and 9070 scattering

cases in Figs. 1.3 and 1.4. The number of particles found at a given distance r from

the source (normalized per source part icle) is plotte~l as a function of this source

distance. In the pure absorption case, the MCNP results are within one standmd

deviation of the analytical results in 86% of the data. In the other two cases, MC14P

k within one standard deviation of the analytical data 67% of the time.

12
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Figure 1.!2 demonstrates that, for the pure absorption cm!, the num~wr of par-

ticles a distance r from tbe source indeed dmrcrwes by C-r. In tlw 90%) scattering

CXMC,a maximum cm) b swn in the dntn nt r e 1,6 cm before cxponrntial dropoff

occurs. This peak is present because enough scntteri:lg occurs in the proldcm t{>

Imckscartm plwtons to (nml thm-cforc maximize their numlxm at) this (Iistnnce,

These data demon..trntc thikt MCNP accurately nmluis this problvm within Nlontc

Carlo statistical limits.

2. Statistical Interpretation. In the purr absorption case, hlCNP is within

onc stamhard deviation of the analytical data in 86(% of the points. It migl)t initially

Ix thought tlmt such statistical agreement should hc seen in only 67(% t~f t11(*did a.

However, this ngrcemcnt is true only if the cstinmte of each tnlly is indcpeudcnt of

the estimates of the other tidlics. The estimntcs of the tallies in this problem tire

correlated because tallies on the outer surfaces are from the mrne particles tallied

crossing the inner surfaces.

Had each problem been run ten times, each run Iqginning with a different rnmion.

number seed and n non-overlapping number scquencc, the tally estimates f}f each

run would IM statistical}’ indcpcndcnt of those in other runs. The tnlly cstimat(’

at a given distance in one run would bc statistic;dly uncorrrlatcd with the tally

estinmtcs at the snmc distance in the other nine runs, It would then bc expcctcd

that for this given (iist,ancc, 67% of the estimates of the ten rtms WOUMbc within

onc standard deviation of the analytical result for that distance.

Benchmark two was run ten times to verify that this result happens. The tallies

of that problem arc more strongly corrclnt cd t hart those in this bcnchmnrk. In

benchmark two, every particle contributing to the first tr,lly survived to score at all

the other tallies. It waY found that for a given dist ante, 67% of t hc problcm run

results were within one standard deviation of the analytical data fm that distance.



111. BENCHMARK PROBLEM TWO - SIMPLE
TllRER

SPHERICAL SCAT-

A. Problem History and Description

ii cross scwt i{in that is cfmstfmt for all particle eocrgies. The uncollidcd flux aml first-

+’ lliclcxl ill. .: ( tiur to particles undergoing only one collision) arc thcm cmnputwi at n

,*i\.# .!ist anm m]tsidc the sphere. This probkm wm9 t iik~i] to he a photon prohlrm

for ~. :L1’enilmce.

\Yiicox nnd Lent used COG to calculnt r the iincdli(kd and first -collidc(! fluxvs

at a p{>int 10 cm from the crntcr of the sphere. The itt~m density nml otOf of the

sphc~t~ mrt]iiiln wcrr chosvn t o result in a phot m) meal) frco lmthlmlgt }] of one c~~

t hrrc, Because alOf WM nmdc ccmst nnt for nll photon cncrgics, the pbJtOn MFP

is also imleprndent of rrmrgy. The scattering and absorption cross sections were

set at fl ,3u10t and 0.7utOt, respectively. The unco)lidcd flux10 at a point outside the

sphcrt’ n distance 0 from its ccntcr is

For 3070 scat tering, the first collided flux at n point outside the sphere is gb(?2J ‘)y

the integrnlll (see Fig. 2.1):

wlwrc:

9 Wikox ●nd kni {Jtd. B), p. 16.

‘0 Ibid, p; 16.

‘ ‘ Ibid, p. 16.
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= Once scattered flux

Fig. 2.1, The once-scattered flux outside a simple splmicaJ scattcrm.



B. ~lCNP Problem Model

1. hf CNP Geometry. .4 point isot r(q>ic source of gamma rays (with an

;ul)itriwily L“I1oSVI1oncrgy of 1.0 \le\’, since O1O; is i;dcprn(lent of encrw ) was

j)~ilt.~(i ilt tilt’ (Wigi:] of :1 coordinate SyStt!I1l. .$ spherical AcN with a onc MFP

radius ( 1 Xl FP was cme CII] in this problcm) was cent crcd at the origin. This cell

(Icfilltd t II(I Scitt tcring sphere. Elevm adtlitiotlal CC1lS, each (Icfinmi to be t hc rcgitwt

I)ctvx-w] twl) cOl~ce:lt ric s])hcrt”s cent erc{l at the Origin, were then ])laccd iK(JUIld the

s~dif”r(’ccl]. ‘1’he first two sII(o1lCCIIS wrrc 0,5 JIFP tllicli, while the next eight were

1 \lFP thick. The (mtcrm(,st shell was 0.1 YIFP thick, rtnd the outer sidwrc of this

1“(*11f(xnlw(] t hc ]md)lvm l)()~tl](litr~. Tlw shell coils wcrv itll defined to Iw in vacuum.

TII(” itl~)llt file for dtis proldcm is foimd in Tiil)l~~ A.3 c]f t hc Appendix.

2. Cross Sect ionst Materials,, and M CINP Physics. The sphere medium

~it(ml(Imsit y, tv)!.al cross section 01+1, and XICNP ]>llt~t(~l]/cl(*ctr(>]] physim of this

@Jlf’111 ilrt> i~l~ll)ticitl tt~ tll(w: tascd in hcnrhmark one. The XfCNP co(k it.sdf

t~i~~ d tcrctl i11thc smrw way as in bcnchmrwk one to accq)t Iuser-input scat tm tind

absorption rross sections t]Ailtart.r($nstant for a]] p}lt)ton rnforgks nnd tO O:Ily nllow

jdmt~m absorption and isotropic scat tming. How this wrw done, along with how

~fOr was crtl,culatcd, is dcscrilwd in detail in Ixmch:nnrk mm.

19



3. Code Tallies. Once the code w~ modifk(l WMIthe cross scdions wrrc

CSti\UiSIIC(l, two sets of phototi flux tallies wrrc set ulj, Surftwr ~dlotfm flllx tullim

Wmc”~)lilC1’(1 011 t 11(’ 1.5-cm and 2- through 10-cxn sphcrm. iling drtcctors cvllter(*(l

~armm(i t hr z-axis wrrc plii~d (at 2, 4, G, 8, and 10 hlFP from the splwrc ccntcr.

TIN* fluxw+ frtm~ (*nch set of tidlit~s w:rc hinmxi ncc;mli.lg tt] how Imuly collisions

the photom mdmwcnt by using MCNP’S FT/FU collision counter:

FT INC

FU0199T

Pilotons tlmt had no collisions and just onr collision u m~ individually distributed

into the ‘(J*and ‘1* bins itl)()~(~. TWO sets of iallies wcrr used .so t ]wir results COdd

Iw compmd.

40 Varhmce Reduction. No varinnce r(ductirm wns rcqllircd.

C. Results and Discussion

1. Results. The data for this proldcm m-(” ~dot t~vl il} Fig. 2.2. T!w oncc-

a.dli:icd flux per .wmrcc plmt(m is grapiwd as a fl*ncti(m of (Iistancc from the sphere

cc.]tcr. Thr anidyt ical results (solid line evaluated at tvn positions) arc i:~cluded

with the XICNP surface tally data (long clashed line mostly hidden by the solid line)

and ring detector data (short &shed line). The single COG result12 is denoted by

a ‘“c” . .+11 ten of the surface tally scores and all five ring detector estilnatcs arc

within orw standard deviation of the a!lillj’ticnl results.

2. Statistical Interpretation. .\t first, it nlight hc thought tllilt such

statistical agrwmcnt should only be seen in G7°/Gof the titlli~. However, this is

true only if the estimate of each tally is uncorrc]atcd with the estimates of the

other tallies. The tallies in this ~mJdcm nre cormlntwl Iwcausr tal!iwi on thr outer

surfaces arc from the same particles tnllicd crossing the inner surfacm. The detector

tallies arc si::darly cormlatcd.

A way was found to obtain uncorrdated data for this prohlcm. In tcn separate

runs. \lC’!’i P ~~s J ‘ ?~1 compl ~ e the once-collided flux at a point 10 cm from

[]~1”.! ~J[{’: tlf 1 ,1,. 1 .,, Tlli.s computation was done with a sphere

Sllrf;icctidly. Each of LUCten runs was begun with a different random number

seed and a non-overlapping random numlmr scqucncc. The 10-cm tally estimate

‘2 Itd, p. 16.
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of each run should, t hcrcfore, be iudepcndcllt of the 10- cm t ;tily cst illmt w+ t}f t lW

Other rWIS, %%?ll 0: th(! tt!ll ildt!pell(k!llt td]J’ S(’01(?S W!IV fold to ])(’ Wit ]lhl

CMM” standnrd drvintion of the mmlytical result for 10 cnl. From th(w rcs~dts, it is

rvi(kmt tllilt MCNP is consistently in goo(l t}grccment with the annlyticnl Mhtion

to this pr(hl(vn.

IV. BENCHMARK PROBLEM THREE - POINT GAMMA RAY

SOURCE IN AN INFINITE MEDIUM

A. Problem History and Description

mid~t icid moments mctho(i calculations of g,amnm ray pructration hy H. Goldstein

and J. E. lVilkins done in 1954. 13 The moments method is a tecimiquc wh(*reby

the Bolt zmann t r:u]sport equation can be simplified rmd solved exact Iy for cmt ain

typt’s of rmliilt ioll t ranspm-t p: oblcms. ‘4 This tcchui(iuc allowed .wmw rarly transp-

ort problems t () Im sold nunwrically with wry Iimitcd comput at imal powm.

Goldstein and \Vilkins’ calculations of gamma ray penetration nrc classic cx;m]pl(*s

of solutions to t iwsc early transport proldems,

In this proL!em, a point source of isotropic mono(wcrgetic gamma rays is pl;wml

in an i:dinit e homogeneous medium (see Fig. 3.1). Thrn, nt diffknt ntunbms of

mcitn free path lcngt hs ( M;’P ) away from the source, the energy response per hleV

of t hc phot 0:1s over a range of energies was computed along with their tot nl cnqgy

buildup factor (B, ). The response is equal to the photon cnrr~v flux at n r;ulial

c!istance r from the sourer multiplied by the factor 47rr2c’Pr. p is the invcrsr nman

free pat h lrngt h of solwcc ellcrgy photons in the given medium. When photon

mcim frm pathlcngths arc stated in this prohlcm, they arc nman free paths of

t hc source-energy photons in the given medium. The energy buildup factor is the

cnm~v carrid by all the Idmt(ms ohservcd at a distancr r from thr smwcc diviclcd

by the mmr~v carried there by the plmtons that undrrwcnt no ccdlisions (actual

c:lcr~/illlct>lli(l(!(i cnergv ).

Goldstein and Wilkins performed their moments method calculations oft his pro?)-

Icm under thc following simp)ificd physics assumpt ions:’5

*3 II CoMstein ●nd J E Wilkins, Jr., CatctMions of the Penetration of Gamma Rays, Teebnical lnforma-. .

tion Service, Oak Ridge, TN, ?4Y0-3075(1954), p, 79.

‘4 Ibid, p. 3.

‘5 Ibid, p. 7.



Fig. 3.1. The geometry of the point source in an infinite rridum=



pair production events were treated a.. pure absorption.

Each process was assumc(l to occur with its c~lcrg-(1(’~)cxl(lcllt cr(}ss s(’ction,

but no secondary photons were assumed to IJC produced by t hc rmultant (4(oc-

t rons.

2. Coherent (Thomson) sent tering did not take place so aco~

zero.

3. Coml)ton scat tcring events were assumed to occur with t heir

cross sections, but the resultant electrons ngnin wmc assumed to prducv no

secondary photons. Compton scattering was computed without inchlding form

factors,

4. No ot ilcr types of photon interactions occurred.’~

This prob]em W(W chosen as a benchmark in part be~ii~l.~ it has an mmlytictd

solution that rdlows any potential small MCNP computittiolud errors to be rwdily

dctcctc(i. It w,as also chosen to test MCNP’S ability to select ivcly include \ w ignorti

diffimmt clmncnts of photon/electron physics without modifying the code. hlCNP

was used to compute the differential energy response and energy buildup factor at

1. ~, 4, ~IIC1~ JIFp ii] four c&W~: ~uminu UC1 lead, each at 1.() MeV and IO.()

McV. The ii~put file for this benchmark is found in T;LIJIcA.4 of the Appcmlix.

B. MCNP Problem Model

1. MCNP Geometry. A point isotropic source of gamma rays (either 1.0

Me\’ or 10.0 Me\’) wa.. placed at the origin of a coordinate systcm. A spherical CC41

wit h a 1 MFP radius (for source-energy photons in the given material) was ccntcwd

at the origin. Thirteen additional CCIIS,each defined to be the region bctwccn two

conccnt ric s$dwrcs, were t hcn ccntcrcd around thc origin and t hc spherical CCU. Thc

first tcn shell CC1lSwere one MFP thick, while the 11th, 12th, and 13th cells were

2, 3, and 4 MFP thick, respectively. The problem boundary was the outermost

sphere (of 20 MFP radius), and tti region beyond it was made a void. The cells

were then specified to be all filled’ wi~h lrad or aluminum, depending on the case

being studied.

‘6 IMJ. ?. 7.,
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2. Cross Sections/Material Compositions. Tim mean free paths of 1.0

\lc\r and 100 hlcv pl][]tons in Al MI(I 1% me determined by the atom densities

WK1 tot d photon cross sections of each as follows:

1 MFP (in cm) = {[ at.t (,in barns at the source energy)]

x [atom density (of Al or Pb in 1024atoms/cn13)] }-1

@:ol = Opuir prod, + ~photocl. + ffcompt.

The total cross section for each case was found in the MCNP MCPLIB cross-section

dnta file and arc as follows:

Ahuninum: Z = 13

ET = 1.0 M(?V

Ucompl. 2.74582 b

‘puir/prod. 0.00100 b

~photoc L 0.0 b

atot 2.74682 b

Lead: Z = 82

E, = 1.0 Mcv

~compt. 17.18180 b

Opa;r/prd.
~oo~~()()

~photot 1. 0.0.—
C7t”l ~3.90980 b

Th(Y rcsult;mt mean free paths arc:

Al : 1.0 11(!V : 1 MFP = 6.044 cm,

p~J : 1.0 Me\’ : 1 MFP = 1.306 cm,

El = 10.O Mev

0.66495 b

0.00004 b

0.37344 b

1.03843 b

E, = 10.0 Mcv

4.1!)2!)1 b

0.16809 b :

12. 40100 b ~. ——
16.7 G!?O0b

10.0M?v : I MFP = 15.986 cm

10.0Me?v : 1 MFP = 1.809 cm



3. Code T;tllic: Y,,. idhs for photon cncr~v flux ( ●F2:P tttllim,

Whos(”lllti”s i-” 111 “ ~;,. - ,Lr plw-ed on the 1,2, 4, id 7 \f FP spheres, The ttilly

:“mults ., ,,* distrllji)! , .:.. .~nig energy bins for id] four t idlit~s. Tho rcspon.u*/MeV

((l:” (iill”( ‘;. ~i, t*r&\ormponsc ) was obt ainccl by dividing t hc tall y result in each
1):[: ;, : ,. .,v~(lt]l , : thr bill in 3fcV and then multiplying each biu result by 4xr2&r

l~l[i, T 111cll)~. ‘I-hisctdcuhition was done using art EM card whose multiplicative

!:wt o: for cinch !)in of each ttdly was

47rr2c~r

bin width (hlcY)

TN-O more (’c!(~,”~ flux surface tallies were each placed cm the 1, 2.4, and ‘i MFP

.Ji.”: t“> to c[mipute the cner~v buildup factor there, The first tally wa.. used onIy

to calculate t hc (mcrgy flux at each sphere. The sccoml tally also calculated the

t“lwr~ flUX at each distance but bi~cd its results according to how many collisions

the tallied photon had undergone before reaching each distance. This calculation

was done by using the MCNP FT/F~J card inc options:

FT 122 INC

FU 122 O1!?34561OOOOOOT

The tallied photon flux in the zero bhl above is caused by those photons which

1 ~acli MAI surface wit bout having collided at all. The energy flux from the first

tally di~,tlcd by the uncollidcd cncrgv flux in the first bin of the second tally is the

rat io of the actual cncr~v to t hc uncollidcd cncr~v: the energy buihlup factor.

4. Variance Reduction. Aft cr t hr t id!ics wcrr arranged, import antes were

assigned to each CC1l. This assignment w,a,. ncccssrq to opt imizc the computat iomd

efficiency of all four problems. Sufficient photon at tcnuat ion occurred by 7 MFP

away from thc source to heavily impair tally efficiency there. The importances for

each cell were initially set to increase by a factor of two for each MFP bet wcert thu

source and the inner surface of the CC1l.Then they were adjustcci by trial and error

‘to produce roughly equal part icle populations in each ccl].
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5. Code Physics. Finally, the photon jckctron physics options were specified

in the problem by using the PHYS:P and PHYS:E cards:

PHYS:P .001 0 1

PHYS:E 8~ O

PH}’S:P ctml turns off cohmcnt scattering thus restricting the j}}loton physics

\)itir prmluction

phot(w: ctric dkt

Coml)ton scat t(’ring (no form fnctcws)

PHYS:E card allows the production of electrons from

but then effectively rmnovcs them from the problem as if

production were p~w~’absorption.

C. Results and Discussion

the interact ions above

photoelectric and pair

TIM* XICNP computed results of the differcntin] energy rcspon.sc for Al and Pb

f(w 1.() WV at 1 and 7 31FP arc found in Figs. 3.2 to 3.5 aud arc ;dottwi with the

1’ data as a function of energy in each case. Incorresponding Gokistcin and \Yilkins

idl the cases (including those not graphed here), MCXP yields difiercntial responses

within OXICstandard deviation of the analytical rcsults in 60-’jO$lOof the dnta - the

st;tti$ti~;~ll~ cx~m-tc(l agrccn]cnt for tnllics wlmse estimates arc indcpcndcnt.

However, as in bcm”hnmrlui one and two, there is some correlation twtwecn the

csti~niit~~ of this problcm”s tailics. Tbcrcforc, these statistics must bc intcrprctcd in

the sanw way as those in the first two bcncilnmrks (WC the statistical intcrprctntion

sect i(ms of Ixmchmarks O:W nnd t we). Results show -hat AICX P is in good ngrce-

mcnt with t 1]{sarmlyt id results for tk different ial rcspf m.scs. The MC.SP energy

bttildup results iirc found in Tnbles 3.1 and 3.2 with the Gddstcin and \Vilkins rc-

subs’~ and tlw C!OG dnta. 19 Ill 15 mlt of 16 jl~tnnc~, h[CLNP c~c~l]atcd ail cncf~

Ibi,l, pp.’ 90-9.1. pp. I(K. 109,

ltJul, p. 1.36●nd p. 140.

N’ilcox ●nd Lent (R-(. s). p. If.
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TABLE 3.1

‘1’’}iE ENERGY BUILDUP (13, ) Ok’ GAMMA RAYS FROM A

POINT SOURCE IN AN INFINITE MEDIUM OF Al nt 1.0 nitd 10.0 MeV

Jlcitn trtw

>!(*V l%th A iidyt ic Ncxl’ (:(){;

(MFI’)

1 1

2
4

7

2

4

b

2.01
3.2!)
G.M

12.!).5

1.2”
l.’ls

1.!)1

2.61

2.OIS*O.020
:L307*0.O.5!)
6. W4*0.2:)1

12.622+0.!)06

1.Z!7*0.013
I .“MX)*O.W!)
lo~.l,l.J.)J)~l

2. MJ*O.201

2.02110.OM

;\.x-):J+o.o’-J2
f;..lM;*(). 140

12.:N-M*o.fil(l

1.221*0.014

I. IIN*O.OI!)

I .!)77*0.OM
2.721*0,2(H

TABLE 3,2

THE ENERGY BUILDUP (Bc) OF GAMMA 2~AYS FROM A
POINT SOURCE IN AN INFINITE MEDIUM OF” Pb at 1.0 and 10.0 MeV

km ~rec
316*V Path Analytic Xl{:x 1’ (“0(;

f 31W)

I 1

2
4
.6

10 1

2

4

7

1.35
1.m
2.21
2.9.5

I .()!)

1.19

1.”16
2.16

1.361 *0.00C
I.650+ O.OI3
2. I$W().02*
2.901 Ao.o.w

1.OW)*O.0W2
1.I!)2*0.0096
1.478*0.01 70
2.2SS*0.(W$I

1.X14* 0.017
1.605 *0.02.5
2.131 *0.OM
2,WJlo.2m5

1.086: !%013
I. I!JE*O.OIG
10L-ikko.o:w
2.01 1*001 13
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d(wsity in t hv expminwnt d ;wrii wcrr Ii(Over slxwifiwl, .w) n st nndnrd soil rlmnwlta]

compositi{m with n density of 2.6 gnl/cn]3 wns tLsMl i]] the xuoclcl. The uppm hcnli-

si>lwrc houmhwl by t hr XY-phm(O nnd t hc 1-km sphmc wm filh”d with nir. Tli<’ nir

(lm:.’ity in tlw oxprrimmt w,as not spccifid, so rIstamlnrd wmpositiou at b.001 124

g/cn# was used in the mo(lcl.

.%l-km lmundnry was dmscn for this problcm bmmusc 1000 m is npproximntcly

ten 1,33 Mr\” photon niwm free pntldengt hs in nir. MCNP weight window cdculrt-

3. Experimental Source. Ti;c Mpcrimcnt d soiww ronsistc(l of n point 6oCo

~illt)SIl;l smm-c in it ciu~k p!accd on the nxis of ;m w nu]nr (ttctlldly d~dccdwdrtd,

or 12-sidml) t-oncrcte si!.~.24 This silo, 2.2!) m high, had a maximum inner (ljaqmt,cr

of 2.50 m i\nd a maximum outer diitmrtcr of 4.35 m. The kcmrce WSU,Splaccd 1.08

met ers rdmvc the base of t lw silo (whjc)] was on the ground). kad and concrctc

23 Ibd, p. 407.

2’ 1bi4i.p. for.



bloclis were then placed Amg the top of the silo so that uncollided photons from

the source would exit the top of tiw silo in a 150.5° vertical cone.

In spite of the nwasurm taken to ensure that the gamma photons would leave

the silo isotropically in n cone, in-silo scttt tcrcd photons partially distortml the conr

mdiat ion pat t cm. %nw of the scat tercd photons lrttked through t iw silo wall~,

nnd others scnttmxvl out the silo top hut outside the cone. I?ccnuse this i:]-iiilo

sent tcrcd gamma compomwt could not be clmmct erimd, it was not possible to

nmdvl the t’xpcrimeut d source cxnctly, Ncvert heless, it was possible to IIAA the

t~rigiltally-il]te’ll{lc(l isotrcq)ic cone source with MCJNP.

4. hlodelcd Source. The source silo was mxhdcd by n CC1l which WM

ddittt’t~ to lW thc region Ww(ww two conccnt ric cylinders capped by two plwws

pcrpendimdar to the cylildcrs’ axes (WC Fig. 4.3). The resultant annular silo cell,

2.2!) m high, httd an inner radius of 117.75 cm and an outer radius of 217.5 cm.

This silo cell’s lower base was ccntcrcd at the origin on the XY-phuw. The silo cell

volmnc nnd the grou:ld lnyrr disk directly bcncrtth thc silo were mtdc voids.

An isot ropk point source which emitted 1.332 md 1.173 WV photo:uq with cqufd

{u-f)!ml)ility WM then phwcd 1.98 m A-we the ground on the silo’s nxis. The volume

,,1, .!,,<,., ] i)l” f~1,: .~l. Ihilt :l~]t i:]si(~c the silo cell volume itself) was filled with air.

This smtrcc geonwt ry gumwltvrd that the source photons would leave the silo in a

150.5° isotropic cone. There wtM no in-silo sent tcr component because the silo wnlls

and base were regions of zero importrtnce: ttny photons that struck these rcgirms

wcrv trrminittwl tltorc.

5. Cell Subdivision. After the problem bmmdary, air, and soil regions

were drfincd itlong with the silo cdl and collimated sourer, t}:c probkvn geometry

was flint !trr subdivided into roll... Tile regions t]Iat wcrr direct Iy irrttdiatcd hy the

source ( i.t~., wit hin the source mm:) were partitioned into sphmictd-shell htyer CC1lS

b(m:uhd l~y t11(*sourrc cone [SCC Fig. 4.4). l“)lc regions rIlxwc the ground that

rcccivd only sent Cored rwliatitm were pnrt it ioncd into segrncntcd conicnl shell cells

wLM; wmr Imrtdlrl to ;m~l rndi;tt ml out from thc source cone. The regions beneath

thc grf}tln(l that rcccivtwl witt t(:rc(l gannnxs rays were slice.1 into three M disk cc)ls

(SW Fig. 4. G), C’omlA*tr A“t;,i]s of thr tocII geometry arc found in the MCNP input

file for this wqmimcnt ill Tddc A.5 in the Appendix.

6. Code Tallies. Eight conccnt tic ring detectors centcrcd at the origin were next

phwrd 1.() m n}mvc nnd ptdld to the air-groum! iutcrkcc. The ring detectors had
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r:dii corrcspomli:lg to the distnncm that the expcrimcntnl detectors were located

1 fronl thr source: 50 m, 100 m, and 200 m to 700 m at 100 m intcrvitls, The

iitlx (lsti!l]iit~ of mch detector was modified by an Fil cd to obtain the energy

drpasite~i pt.”runit volume in nir per piloton history ( McV/cm3 ‘history ).

Aflrr tIN’ rmlr t illli(’Swere estitblished, importmccs were nssignd to Pm}] d.

7. Varinnce Reduction/Code Physics.

c“t’lls to l’(lllilli~(’ t hvir pnrt iclc populations nnd

i[ll]>twt:i:lrtvi t(> :wccmlplish this wm done by

Importttncrs wrrc ru\9ignrd tn tk

improve smlp!iug. Optimizing t)w

tri;d and rrror. A C’UT:P ol>tirm

was tllt!n US(X1to tcrmiimtc p}~otons with cnergim Mow it 3!).9 l{eV cutdf, This

pn’vented }IC’XP from wasti:lg time following photons whose awrgim wt’rc I}{*low

t iw d(’tcct or rtwjmiisc fmlct i(m in the experiment. After this option wrwu.scd, the

il;lmt 61(owm run to (JN nit; thr \lCNP rcsdts for this cxpcrinwn.

C. Results and Discussion

1. hICNP Tally Conversion. The 31CXP ring ddmtor estinmtm (ndifid

to yit~h! SIt’\”/4”ll]J/l);trt irk: history ) M to b cOnVcrtcd tn thr ~~/rn(l/)l(~l~r/Clttic

units of tht’ vxpvrimcnttd dntn bcforr any modvl compnri.sori could }m nmde. This

comwsion W$L+nccomp]is]wd in two shsps. First. tho JIC’XP estimntcs wmc dmngcd

to units of rad/history ,as follows:

XICNP( rnd/l\istory ) =

( M-v

){

( 1,G02x 1O-6*) .(1 rud/looq
MCXP

t-nr’“ history
x

Pair [ &S) 9}.

The tally cstinmtes were tlwn converted from rad/i~istmy top rnd/hour/Curie @

\fcNP[p rnd/hr/C’i) =

31CXP ( ritd/liistory) x
{(

3.7 x 1010 ~’i’L/c’i) x (3GOO;) x (10’ ‘-)}
3CC

( ● tv
SICSP (p riM1/ilr/Ci) = !\fCXP

)(
x 1.s99 x 10’s

p rd/hr/Ci

i-m’ . hi.dmfl M( V/cm3 “hid. )
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2. klCN’P Results. .~ftcr thr ItlCXP rcstdts wcrr comjnlt(vl nml c{mwvtvfl to

thr correct t’x;)t”rinwntnl units, t}Icy were p]otttd ;t.~[i flttlcti[m (}f rp~$r, m colu:nn

tlcnsit y (in granw/en]: ) along with the cxpcrimcnt nl ~]l(**sllrrfl:(*~lts.Thr dntn were

plotted ttccording to column density to divide out di]y-t(~-dny vnrintim]s in atnm-

sphcric density [high- and low-pressure systems pcrimiicnlly nmwvl in tmd out of

,. In Fig. 4.CJ, thr solid $inc con$wcts the eight XICSP ringthe Cxpm-inwnt d arcn )

dotcctor tv+tinlatcs of t)w d(fic rntrs. Tlw nsttwisk (Icw)tc thr c*xpminwntnl vnlucs.

Tim cxpcrinwnt d ditt it wits t dim frmn TiLblc I [If Sns(n] rt td.26 Cpon ins]wrt inA

th(? tnbk’. it might h? thoU@ thht tk? d~tit Of Wtt”h]k(’ Ofdlllllll G CIU1 )Jt* dkd])f

cttlcuhttcd from thr dtttttin the mmc line of cnlumns 1.3. and 4:

[column 5 drttn] = [Cohlrrul 1 dntn)2 o [column 4 dntn] / [coltimn 3 dntn]

However, if this c;dculntion is done, the result is not quite what is fmtnd in cnltmm 5.

This apparent discrcpnncy develops bccausc the exposure rntc in column 4 for CA

distance from the source was actually first muItiplKd by a detector correction factor

awrcspon(iing to t]mt distance. Then this corrcett.d rate (which mnwr cxplicit]y

api]cars in thc t;tblc ) wns comhincd *ii h columns 1 and 3 as shown ;dmvc to yic+l

whitt is net ua]ly fmmd in cnlu:nn 5. Thcsc correction fuctors arc found in Tnhk 4 of

X,ason (!t al.27 The grxtph in Fig. 4.6 demonstrates that MCNP provides a very good

representation of the skyshine mcaswenwnts given the cxpcrimcntal uncertainty in

them.

2s Ibd, p. 40s.
26 Ibid. p. 411.

27 Wid, p. 4]4.
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VI. BENCHMARK PROBLEM FIVE - COBALT-60 AIR-OVER-

GROUND PROBLEM

A. Problem History and Description

Tiw cOC’o~iir-(jvcr-gr~)tt:](l problcm hrw hccn invrstigntcd many tinws in the past

thirty years lWCi\llS(*of its i:nportnnce in militnry and civil dofcnsc stmlivs. in

this pr(~hlcmo nrl infinite horizontal plnnr scptwnms an infinite soil mmlium from

nn infinitr air mrdium. ‘0 cOCo is then spread uniformly upon the snrfnce of the

ground. The radiation dose Asorbcd in nir t ltrre feet rdmvc the ground is thmt

calculated. This prohlcm simulntcs the mdiation cn~ironnmnt in an qwn fidd

covcrcd by falhmt frnm a nuclear weapon.

Expminwnt;d mcawrcmcnts of the dose nbovo a fnllout fkld have oct unlly been

31 However, difficulties with making dosenmdc in scvcrd nuclear wcttpons tests.

mc,w~urcmt”ntsinvrdving rcrd ftdlout led rcscrtrchcrs to trcrtt the air-over-ground

proh!enl w9 tlw singh:-isotope infinite media problem described dmvti. Ilctwmm

1!)57 and 1968, t hc radint ion dose in this fallout problcrn was cither mcrumic(i or

28 Ibid, p. 415,

29 Ibid, p. 415.

30 A. K. Profio, Shietdia~ Dencbmack P?oblems, Radiation SbMling Infbtmation CeBter, Oak Ridge, TN,

ORS1,-RS1G2S [ANWD.9] (1969), p. 4.0-2.

3’ Ibid, p, 4.0-2.
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SUMMARY OF AIR/GROUND RESEARCH

[TAKEN, IN PART, FROM GARRETT)

—— —.

lII:ILJJI’P tA(:l(,

I 12

-.——— —.. — ...._-”. .—

lS\ },5TII;,111)R “00r}..*

JJqtt

-
Whltmol. ●1d

I‘no

En

ixi

12$

}1.bbdf. 4.latk.
k Ru<bmm

IUJ

$#atcwn 196$ I I*

I JI

1.’0

Kak

Wlkoa”

Wtkos

wb8Jto.●1d

I :1: az
I a,: m

I I*A O@s
●d. 1.s0JtaJnbB&tn.—.

“ t$’il(oxaad ht. (f&(. 8). p. 32.



‘1~ :1,=~ iou

nit rogvn : 0.7818

oxygen : ().20!)7 :

ttrgon .. 0.0085

~:p = 1.13 gn]/cnP ~ .,

oxygen : 0.34

sodium : 0.01

siIicoll .. 0.18

sulfur : 0.03

cnlciwn : 0.01

iron .. 0.2!)

nickd .. 0.01 :

‘6 hl)fiO ●1~.. (i{@f. 7). f,. 4.fJ.4.
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2. Cell Subclivision. Addil]g fourteen conwl~t ric sphcrm cm]tm(vl nt the

origin to the problem geomct ry wtw the firststep to pnrt it ioni ng the prddrm into

cds. Thto ttir !wmisphcrc WM then divided int’ onc hrmisp)wrictd cd ccntrrm] sit

the origin and fourtcwn helnisphcricnl shell cells rmlinting out from titc origin (W

Fig. 5.2). The hcmisphcricd shell cells were cttch dcftnc”d to h t}w region hctwevn

two mmscctlt ivr sphmcs i~l)OVC:tk XY-plrmc. Xt:xt, t hf. fmtrtmw sphmcs were Wu’d

tt} jtiwtition thr soil Iwmisph(w into calls.

Thr soiI CCIISwere drfinwl to bc the vt~lnmcs cnclosrd by the intcrscctimis hc-

twrcu thr ft~llrtvvn conccnt ric spheres, thc three soil pliMICS,t he outermost lmUnt@

sphere, an(l the nir/groun’l interface. ‘NM. resultstnt s4~iICCIISwere:

1. 11t*:xlis1>1i4*rict31sIwI1 rrlls lmtmclml nhmv! hy t)w lS.On soil plrtnc

2. onr lm,nis]>lwricill C(OI]Imludvll tdmvc ljy tlw l&c’m soil plmw nnd mntercd

l>(”llf’iltil tlw origin

3. tluw disk CVIJScontt!rvd on t hc z-axis hctwecn tlw nir/grouml intcrfruw almvc

nnd the Imni..phtm cd behv

4. t}we htycrs of flrtc concentric ring cells radiating out from the disk cclla toward

the problem tmundrtry.
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0.5 cm

W!wn

point (SCCFig. 5.4). The

this wwtcw for the cosine

The current in cac]l t.,

it into n dost” rnte and “

usul tO colwcrt t! ..

FTI card with the FRt’ O 01 option was used to spmify

binning.

;rir w furtilcr modified by an FM 1 card to convert

\.’\! d to normalize it pm stcradian. The FN 1 cord

.. .. . 4snch I)in into n Imrnm rntc (ergs/g:nsec ) is:

FM1 o m -3 -6

density of the td]y sphere nmtcrin], in g:n/,cn#

Xllilt@I’i;tl nnmhcr. k~ specified in the input file.
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To mmndizc ~I-* 1c P -ite of each cosine bin pcr steradian., it is mldtiplird hy

l/2r(cos0,+l – “% “ I .!1 a Chll cnrd (see thr C’31n .sm-tion of C’lmptcr 3 in

the ~fCXP mnnun. }. in Gnrrct t‘s paper, cos ~t+ 1 - cos (38 = 0,1. Finally, t Iw tnlly

cst inmte was scptu ated t..to unccdlided photon kcrmm rate rmd sent tmod ~dlc~ton

kcrmn rntc hy ~willg thr FT1 cnrd INC op:ion.

4. Isotropic P1nnnr Gamma Source. Aftc”r the code tallies were cstfihlifdwfi,

the \[CXl) geometry >>fthe uniform bOC’oflillout sourer wiw crcntcd. A 1-kni radius

~J:mnr (Iisk surftwe source \vns ccntcred at the origiii (m tlw XY ~)lnxlt’. Gmmtm

I>h(jtoxls at 1.17 ,an(i 1.33 \lc\” were jsotrol)ic;d]y clllit t ctl wit II wlllnl pr(~tmbility

uuiformly ovm t hc source men. This WM ncco:nplishcd by first part itiouing tlir

.s4narcc tlisli into .scvcntccn ri:lgs with an S1 c;~rll. .S(*xt. n histogrnm .stmrcc Jnxdm-

I;ility density was dc4jIIwl I)y nn SP carcl. EncjI l)in of t IIC ]list ogrn:n assig]w(i thc
. . .

mrrvsportding source ring n prdmkht y dcnsit y that mcrcnw! lillt?iUl~ with tlw ring

riMliUs. ensuring that t\lCNP sttwtcd pnrticlcs uniformly from ovrr the .smsrcc nrmi.

Once tIw fitllOllt gnmmit source geomct ry was chosen, scvrrnl vzwi;uwr r(’(iuct ion

ttwlui qucs were omldoyctl to improve the problc;n convcrgcncc.

5. Variance Reduction. Alt bough the gconwt ry of this model ;Juiy nt first

{IJ>JM%V tO h’ SiIIlp!C. the p: oblem is fnr from trivid. There are grcnt diffidtim

wit h sampling particles nud following thctn thrcmgh deep pcnct ration into t Iw nir

Wxi sml. Piirt ic!es start cd from the source close to the origin. n.. WCDI1ns thow

st artmi mwrly one kilotncter mvay near t hc boundary. must n]] he correctly wlmplmi.

prnpcrly ;wc[nmt ml

rmsonnhic nnmunt

C’~mtrilntt ions to the problem tallies by pnrticlcs that travel 2 llFP in soil ( ~ 12 cm ).

nS WC]]~.$ ?)~ tll(>s~ that trit~cl 9 XIFP in air (- !)00 t]]), I:lttst ]Jt*

fiw. To tmabh’ \ICXP to converge to the problem solution in n

of t imc. thrw l’iWi;~IIC~rcduct ion tcclmiqucs wwrc WA.

First. import antes wcm’ nssigrmd to the ceils. An itlitianl .sct of importnnrm wn..

gi~;t’:1 t (j t Iw CVIIS.and t hc proJdctn ;va.s then run with n weight -winclmv gmwr;ttor.

TIN: cdi wvigl~ts c~m.putrl! by th~ generator providrd iwsight into wh:~t crk+ in

thr jxoldvm wrro contrihlting to the tallies. From these weights. new inlport;mws

were” ;Assigxw(l t t} t iw CCIIS.nnd t IN*proldc:n was rerun scvcrnl t imcs t hwcnft cr. Aft m

wwll rlln. the ill~J>(Jrt;llAccs were n(ijusted hy t rird n:ld error to ensure t )tnt @ch c(”]l”s

contribution to t hc tallies wa.. npproprint cly .samplccl.

Scxt. a DXTP AX sphere wtus ccntcrcd at the F5 point detector. Pmt irks fttr

fr(m] tlw origin id only n wry smnll probnti]iity of being smttcrcd toward the point

- :.).
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A. Problem History and Descriptiott

‘* I’rdm, ( ltd. 7). p. 40.1.1.

‘9 It,id, ( I{ef. i~. p 40. I1.
1“ ~ (;Ol,jtwfR. l}, J f; IOV@!J... f). h. h,fiea. Il. F. Luty. K. F. Pestoctr. G. A. Pohl, and D N.

etrnwe Sathd Morafwy, l.jvw~o~e, CA. [.!(;1f).121 ( 1967),p. 1,

“ };. (;dhrg. f), J. (;VN-. D. K. Jnncs, Il. F. Lrrly, K. F. Pettock, (;, A. Pobl, D. )1. Whk, snd ft: Wem
,.

[t”y.Experiments to Test Validity of SOl{S.G Rfontc CsrlrJ Code, Lawrence Livcmwm Matbnaf MrMatoty,

Livcrrnore,CA. l!(:lft-WM 11969), p I.
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souxcc (usually for 5-7 dnys).
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4. Source/Tallies. A point isotropic source of photons wtw plnd on the z-

nxis (Jtl(” mrtrr nhovr thr Iqqwr fnce of the tcfion cylin(h:r. Thr sourer ]MM]nn rnmgy

corrqmmling to t lW Hupnml}ilc CMP Iming st udicd. A ring (Ivtrctor tnlly WM then

tT1ltf”if”(l (m the x-nxis One trwtor above the .sourcc to vstitnnte the dow thnt WA]

hv rvgistwvd hy t}w ti(}rtni~liz;tt ion TLD in the cxpcri:ncnt. The flUX mithtmtr of

this ring tn]ly w;~~ nmdifird hy itl] FM cnrtl to obt nin {iosc (in hfvtr/ctl]T.liistory).

Thv inpltt filr f~w t tw air (I(M* gwmwt ry is fmmd in Tnblr .4.7 oft lw Appendix.
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in. sphere (not a cylimlt.”r) cmmwd nt the origin. As in the nir dow gmmd ry,

th? rt!gi(Jn OUtSi(!C thC CRniStCr hUt ifUik!C the probhl }M)llfl(hry MUM fi]h!(l with [\ir.

‘X’hc tefbn dose gtwmmtry was then subdivided into cv]ls.

7. Code Tallies. Scwmtccn point flux cstimntors were ph~cc~] inside tlw tcflon

rylimlcr on its axis. Tiwy were positioned to bc where tlw LiF TLDs wcrr in]}w~ldrd

ill tht: Hupmohilr cylimlcr. Point detectors wrc wml in th(* 60C0, 1’]7Cs, *9$J411.

nnd 170Tn~ source CNCS, Ring detectors were used in the 2’1 Am and Sm 1{0 snurm

mdcls. The low-cncr~v pilot ons from thcsc kt two srmrccs scmttcrcd :norc in tlx

tcfh than thc Ligbcr-energy photons of thc ot hcr four sources. The ring d~:tWtm

used wit h thc.sc two scmrccs yicltlcd accurate tnlly cst imnt cs more cfficicnt ly tkm

]mint detectors would hnw’. The flux cstimtdes were convcrtcd by tm FM card

(with n tdhm Mom dctuiity ) into doses. t:nrirmcc reduction techniques wmc tlwn

1US4X1to opt ilnize t )W probbm dficicncy.

8. Variance Red uct ion. Two tmrirmce rcduct ion trchniqum wvrc ~:.wvl in t}W

trfhm dose modd. First. import nnccs were a..signod to the AS hy [rid nnd fwror,

tltt]s tm;ibling XICS P to nmrc dht ivdy smnplr th cells’ contrilmtion to th tally

,vstinmtm. Xoxt. the point wmrct” was }~ih.sd to stnrt the mttjority of its pmtit-lm

into a cfme sul}tvn(lvd )jy thr ttlqwr cylinder redcap.

Incrc;ising tiw sampling (}f tiw sottrr~~ into this wmc ttllowrd MCNP to qwnd

!IIOS~ (Jf it%tiIIWtrdislg W)IWWjXMtk]f*S t h!. C(JlltrilJlitd the most k the” tdl~

estinmtcs, thus considerably reducing Chc cnmputcr time rcquiml for $lCNP” to”

converge to m accur;itc result for the cylinder doses. After the problem Was run

and thww doses Wcrr dcu)nt cd, thcy were divided by thc air norrndizdon dose

to ohin tk MCXP cstinmtcs for the dose rntios.
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tiw totnl ~lCh*P standnrci dvvintion:

MCNP - EXP

ff Mc.v r

I))’ *1 when tm

stnnfltwd deviation of tlw corresponding c*xpmimct~t;d mtio.

For G°Co, 137~S, 198Au, [tIKl ‘70TrrI, the ttgrectncnt Imtwcen XfCNP, COG, and

the cxpmimont is good. For the ‘41Am A Sm I{n .wmrms, the ngrwvncnt bet worn

\lCXP and tlw experiment is good for detwtms clcwr to th~ same. Hmwwcr,

this ;igrmqwnt drOps df nftm G in. int0 the tdhm. The rxpminwnt nl uncrr,t ninty

of tlw drcpcr A’tcctors, while never cxp]icit)y stntcd, is probnl,)y fnirly lar~~. This

c4)111(1nmmnt for t tw discrcprmcy M wccn MCXP and the cx pcrhnent tlmc. Fmm

tlww (hit a, it is cvi(lcnt [lust M CiSP accurately models the SORG-G l{upmo~~!c

TLD lwnchmnrli.

\’111, sUMMARY

.AfI \lC’X P Irtlt rOn Iwnchmd document wi}l SOOnfollow.

“ ll~ido pp. I\.14.

‘,% ( ;ddkrg et ●l. {M. 4), pp. S. In.

‘9 tVikox ●m; Lens. iltef. II), pp. 20.27

(N



-

(1

3

2

1

0

-1

1 t I 1 1

246810’
TLD Position (in.)
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Fig. G.7.
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,’ APPENDIX:

INPUT FILES FOR BENCHMARKS 1-6
AND MCNP PATCH FILE



UC CALC~LhlC WC MALYTIC @CSULr RT SCVS@AL OACMI.

SO 25.

’39 0. )

so 0.5
m o.@
so
so ::3

so a.
so }.
so 4.
so %.

SO t.

m 7,

SO 9.
so 9.

so 10

‘sib!e. +.1: Input file fm Dcnchnmrk One: 3W scattcrin~~ cnac. ThcO% muj 00%
.wmttcringcascs arc done bymcdfying thccrascctbm ont}m14DUhf
card.
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L

c
c
c
c

“c
%ODC

I!lP!P

91
SDtt

c
c
c

c
c

. c
c

n MTl

c

FC2

c
ra I“P

MEA
c
c

c
PRINT

MM

TME ALTERCD VEBS1OS OF TMC CODE 1S TO BE USCD
UITH PHOTC% oNLY PSOBLCRS. I HAVE TESTED THE
CODE AND FoUND THI!BC 1S SO CSCRGY OB MTBNIAL
M!PMDCNCC UITM THC lNPUT CROSS SCCTIOHS

E’
o 1. 1.6 1 8 2.2
2 1 4.4 6 2 15. 16.
Iln 220 S90 1500 1900.
10000
1001 1
EnG-l Pose o Q o

TMC rlasr SLXBCR IN pwTl Is Illc
s~cosr~ Is AbSO~PTIOs CROSS
ARC 1% Uslls or OARSS, ASD

ToTAL CBOSS SCC?!OS, YMC
SCCTION OSLY. Tncsc
MULTIPLYISG TMIS W?4MB

BY lHE !?CSP PAATICLC NLWBC~ DCNSITY SHOULD GIVE

Tltc ToTA1. XACROSCO?:C CBOSS Sccl!os fl/c!?).

1 67?565 1 17149$5

TMtS rLCX ?!EAS1’SHCST COL’WS {COS;SC MCIGMTCD) TMC
PHO’TOW CB)SSINC sPMcncs. SINCC UC RCALLY UWT
TMC ToTAL CSOSSINC IASD WYT THE S CPOSSIXG / f.”*-2)
WC ~PCC TMC ABCA 0? TMCSC TALLY SPMCRCS 10 OC 1 CP~92

(wITH THE ARCA CARD).

10 121 2)
7054. 1 l)P

UC RCALLY MX’T SCCD 70 PRINT oUI $MC VIRST $0 ?ABTCCLCS

-110
10000

.

TzsblcA. 1: [con;)
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●iDC%T JSM PWC A@SOnPTIOM AND SCAtTCh ONLY. J. S. MCNDRICUS 4/s/90

●/ RCPLACC NONZCRO PHOTON CROSS SECTIONS W17H S1GAWU14(A). SIGS-aDWl~)
●1
./ .------- -----.-- .---+--- -------- -------- ----------------- .----- fmcu
●/ DISADLC CLCCTRONS AND UQU:SC SI)IPLC PNOTON ●MYSICS.
●l,l?t.162 LIsC J014 A17Ca CALL RDPnOB

sr\nDusl l).sc.o.)TncN
CALL tRPPNt( 1,2,0.0,0.O.OvO.
1 “)uMPI+oTONS MAVC SIGT-nDVM{ l)SSIGA-9DUM{ 2)”)

IDCS-1
C!?cr(l)-o.
CND:T

●I
●/ ------------------ --------- ---- -------- -------- -------- --------

●/ SCT Cnoss SCCTIONS Pon CONCPW7 MD INcowcmw TO U80J
●/ SET CROSS SCC7:OMS Pm PNOTOCL8CTB1C 70 CWTUBC - Rm’?lfl)-uouwla)
S/ SCr TOTAL CROSS SCC7$OS - CDCIII{L)
●1.PT.40 LIxC 2:779 APTCS LAPW SO

J?(nwrl(t ).ruc.o.)mlzw
B7c[smTc*\,Ic)-o.
aTcluaTc*2,:c)-o.
flTcllM7c*l, 1c)-nDu?I(2)
BTc{RaTc*o.:c)-aMmll)
mot?

●I
●l -------------------- -------------------- -------------------- -. COLI w

●/ CSC PA:R PBODUCTIOX AS :SOT@OPIC $cA7’TK@;NO,
●:.cP.241 L:fcC 22017 ~ LASgL 3)0

sr(mltH;l}.aK.o.)?wN
CALL :S0S
small
molt

Table M: Patch OIe for Ben-k Probkmg One d TWW. ModiOcation to MClUP4

to treatptim~k uptihric e8ptwdti imtropic

smtter 89 p~c fl~,



c.
1
a
3
4
5
6

,. 7
9
9’

10
11
12
20

c
c
c
c

;
1;
la

lJ
14
1$
lb
}?
19

Y

0
0
0
0
0
0
0
0
0
0
0
0

●

●

☛

●

●

☛

●

●

e
●

●

●

1 -11
II -12
,2 -lJ
!1 -14
4 -1%
5 -lb
b -17
,7 -10
10 -19
I* -20
10 -1

WILC THE C90 CALCULATIOS$ ABC OSLY
ow PAD;vS, o#C PLAs TO CAMULATC
RCSCLT 61 SCVCRAL BAD15.

so 10.1
so 1.0
so 1.5
so 20
so )0
so 40
so 3.0
so 6.0
so 10”
so 80
so
so i:.:

CALCUIAT8D At
Tan AMLY?:C

Tdde A,3: hqmt filefor Dcnchmark Twtx singk sphere scattcrcr.
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.91
SDCF

c
c
c
c
c
c
c
R[)US

c
TC2

c
r2.P

c
c
c
c

c
c
c

W2

r?a
ma

c
fc 5

c WC ALSO WA.W

c
r$:p 02.00

0 * 00
c
c WE UAW TO
c
c DBCS !9c2i04at
c

PPrw -110
.VPs 300000

Table A.3: [con:)





c
c

t-

(-
c
c
r

r
c
(-
r
r

c
t-
4-
C

c
(-

(-
1
2
J
4
5
6
7

21

22
2)
-24
25

26
27

)1

40
4i
41
4J

1
a
)
4
5
4
7

.,
4?.
ai
22
2J
24
25
26
c
)0

c

J1
)2

40
41
42

1 ..001124
1 -.001124
t - 001124
1 - 001124
I - 001124
I -.001124

0
1 - 001124
1 001124
1 - 001:24
I ~~ 001124
1 001124
1 - 001124
1 - 001124
0
0
2 -2 6
2 -1 6
a -2 6

so )000
so \ )000,
so )5000.
so 55000
so 15000
so 100000.
Pz o.
PI -Go
X2 -663
Bz -20a2
Rz -17s9
Uz “1219)
Sz -16627
Rz -22149
rz 125
Cz 117 75
CZ 12?,41
Cz al? s
Pz aa9
●z .?

Pz -6
Pz -9

-1
●1 2
●2J
*I-4

94 5
●5

“1
cl -6

.6
-6
-6

-6
-b

-b
-6
-6

20 )46
20. )4$
20. )46
20. J46

20.146
20, J4C
ao. 146

1

1

1

4

4

.

$ A Co.wcsnlc
$ h Cfmccwwlc

$ A COSCCWYBIC
$ A C.OWCWWIC
$ A CO.WCW7E1C

s
s
s
$
s
s
s

:

TdJeA.5: Input fitcforflenchnmrk

SPHCPJCAL SI:CLL
SPJtCRtCAL SJ7CLL

SPMZ#:CAL SHCLL
SPMCStCNr SJJCLL
SPHCR:CAL SMCLL

A.% oLWB ~C%DASY ?0 TJWPSOBUJI
YMCGROCWI/A#8 :WTEWACC
cow MIYM xv ●LAW BADIL’S 28~C?I
cmsc JJImf xv ●LA,, nADItM 100~
CfJ3C MST?) XV PLMc @AD:CS lJOOOCR
cow WtTn XY PLMC BADSL’S )$OOOCJI

COW UtYW SY PLAaC OADILfS $5000CJI
COW Ulm4 XY ●LAsC PADIUS J$OOOCX
Cow WIY?f XT ●L.A!!C RADIUS looooocn

Four: Gamtzm skyshinc experjmcnl.
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c THE IMPORTANCES HAVE BEEN FOUND, MORE OR LESS, BY TRIAL AND ERROR
IMP:P 1 1.7 2 3.3 6.7 17. 0

10. 2.0 3“ 7.0 27. 100. 400.
0. 0. 2. 4. 6.

c
c MATERIAL #1 IS DRY AIR, AND #2 IS DIRT
c
Ml 6012.C .000125 7014.C .686910 8016.c .301248 18040.C .011717

Ha 8016.c .46133 14028.C .28038 13027.C .08272
26056.c .05598 20040.C .04126 11023.C .02346

c
MODE P
c
c
SDEF POS - 0. 0. 198. ERG - D1
SC1 FOR COBALT 60 PHOTONS
S11 L 1.173 1.322

SP1 D
F5Z:P

c
c
c
c
F15Z:P
F25Z:P
F35Z:P
F45Z:P
F55Z:P
F65Z:P
F75Z:P
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c

1. 1.
100. 5000. 99.

THE RING DETECTORS ARE SET UP TO
LATER BE UNDERSTOOD IN TERMS OF

100. 10000. 99.
100. 20000. 99.
100. 30000. 99.
100. 40000. 99.
100. 50000. 99.
100. 60000. 99.
100. 70000. 99.

GIVE DOSE, WHICH WILL
DOSE/SOURCE STRENGTH

NOTE THAT MCNP WILL GIVE FLUX AS l/CU**2, PER SOURCE PARTICLE.
TO CHANGE THIS TO A DOSE WE USE THE FLUX MULTIPLIER CARD “FM”.
FOR A GIVEN # TALLY, THE FM CARD FM# RHO M -5 -6” WILL
PRODUCE A TALLY WITH DOSE UNITS 14SV/CM9*3. IN THIS CARD “RHO”
IS THE NUMBER DENSITY (#/(CWJBARN)) OF THE ABSORBING PARTICLES
AND “M” IS THE MATERIAL NUMBER OF THE ABSORBING PARTICLES. THE
-5 AND -6 SPECIFY TO INCL~ (RlM3PlN2TIVELY)THE INTERACTION
CROSS SECTION AND THE HEATING FRACTION. THIS “FM” CARD PROVIDES
RESULTS IN MEV/CM**3 PER HISTORY, AND WI!WANT, FOR INSTANCE,
[l?AD/HISTORY]. SINCE 1 RAD - 100 ERG/G WE CAN CONVSRT THE
NUMBER PRODUCED BY THIS “FM” CARD TO [RAD;HISTORY] BY MULTIPLYING
THE TALLY RESULT BY
[[1.602E-6(ERG/MEv)] ● [l(RAD)/100(ERG/G))] /

[MASS DBNSITY (G/CM**3)1]
WHICH IS 1.43E-05 IF THE DENSITY IS .0011 G/CM**3 ... THIS
MULTIPLICATIVE FACTOR TAKES 14EV/CN**3/HISTORYTO RAD/HISTORY.
IN THE CASE OF NASON SHULTIS AND FAW, TNEY WANTED AN ANSWER IN
MICRORAD/HOUR/CI (WHERE CI IS SOURCE STRENGTH IN CURIES). FOR A
666 CI SOURCE, THEN, TO CONVBRT YRO14RAD/NISTORY TO MICRORAD/HR/CI
WE MULTIPLY FURTHER, BY A FACTOR:
[ [3.7E+lo((HIsToRy/sEc)/(cI))1 ● [666(CI)I ● [3600($Ec/HR)l ●

[1.E+06(MICRORADflAD)l 1 / r666(c1)1
WHICH IS 1.332E+20 ... THIS COWVSRTS RAD/HISTORY TO MICRORAD/
HR/CI. WE MULTIPLY TNESE TWO FACTORS TOGETHER TO GET THE
MULTIPLICATIVE FACTOR THAT CONVERTS THE “FN” CARD’S MEV/CM**3
TO MICRORAD/HR/CI, THIS FINAL MULTIPLICATIVE FACTOR IS 1.905E+15

Table A.5: (cod)



4
4

4
4

4
4
4
4

20000

,,

$1
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-J II 4J0 -1’I

-11)121611
.1 II J 1 16 11

1 1) I 4 lb 1?

1 1) 4201b 11
1 II -JLI JI 16 ’17

‘1 II J1 JJ t6 17
]1: /2Jli6 i)
-111 2)16 1)

00129 1 i; lM
-; lJ 1 2 I; .Ifl
-1.lJ 2 !1) in
-1.11 )4 17 -:R
-1 II 4JO11 In
-t 11 2021 1? le
-1 1)-?la21/-lD

1 1: -J22J 17 -!0
-1 1) 2) 17 -In
- 0012? I 10 -19

-1 lJ 1 J Itl -19
\ i) 2 ) ill -t9

-1.11 -)4 10-19
‘1 1) .4201?-i9
-i 1) -at) 21 18 .l’J
-1 lJ 21 22 10 -19
1 i) -22 2J j, -19
-1.13 -21 la -19
-11) -420 i9-5
-1 11 .20 21 19 -$
-1 1) 21 22 19 -%
.1 1) -22 2) Is -5
-1 1) -21 19 -%
-1 1) -4 20 $ -6
-1.11 -2021 %-6
-1 1) -21 22 $ -6

1.1) -22 JJ%-6
-1.1) -2) $-6
-1. 11-4206-7
“1 1)-2021 6 -7
-1.1) -21 226 -a
-1.1) -22 2) 6 -?
-l,lJ -21 6 -?
-1 1)-4207 -e
‘t.11 -21 22 ? -0
-1 1) -222)7 -0
1 11 -21 1 -t
‘1.1) -4208 .9
-1.1) -2021 #-9
“1 1) -21 22 n -9
-1.11 -22 2) s “9
“1.11 -21 s “9
-i.il -4 209 -iO
“1.1) “202t 9 -lo

‘I’M! M: (cm)



—.
11) 1 .1 lJ ’21 /2 9 10
114 1 1 1) -22JJ9 .10

115 1 1 4) 2)’* -lo

116 I -1 1) “+ 20 10 “11
111 t 1 1? -2021 10 11
118 1 -1 l) 21 .’2 10 11
119 I .!1) JAJIIO 11
lJO1 1 1) J); J -11
lJ1 I J 1)-4 ‘1 II 12
1A2 1 -1 11 -20 .’1 II -12
12J I 1 1) -21 J2 11 12
IJ41 Ill 2J2)11 12
12$ 1 I Al -J) 11 lJ
126 1 -1 11 “4 20 l] “:2
12? 1 -1 1) -20 21 11 -12
120 1 1 11 ?1 22 11 -i2
129 1 1 1) -22 2) il 12

1)01 “1 :1 -J) 11 }2
1)1 \ -i JJ -4 20 \2 ‘1)
i)a i -1 11 -2021 12 -11
lj) I -1 11 -21 22 12 -“1)
1)4 1 I 11 -22 21 12 -1)
a)5 i I i) 2) la -1)
116 I -1.tJ “42011 -16
lJt 1 -1 1) -2021 11 ’14
1)8 1 -1 lJ-21 22 IJ -14

IJ91 -1 1) -2221 lJ ’14
140 1 -1 1) ‘2J 1) ’14

141 1 -1.1) -2021 7 -o
142 2 - 001J9 -20

\Pxo
2 Px -6
) Pz -12
4 Pz -In
5 so 1C4

6 SO 2E6
? so IC4

J1 SO 4t4
9 S4? 5t4

10 so 6t4
11 so 7t4
la so ec4
1JS09C4
14 so lC$
1% so 2K2
16 so lC)
17 SO ICl
10 so 5C)
19 so IE9
20 ●z -24
21 PZ ‘JO
22 ●s .16
2) ●z -43
24 s 0091.64

TJWA.6: (cent)
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Sotr
SIJ
$VJ
911
SP1
c
c
c
c
c

512

1.94~-) 1 5?E-J 064 J 0121 1 4JC-)
lC-4 .02)5 It ) It-o lC-O

0175 iE J lE-4 lE-4 5.)9C-}
6.51E.4 ).)2E4 lC-3 ).05C-) M-)
2E-) 2E-J 2.52E-J 1.02C-4 lC-4
lE-J le-”1 it-4 lC-4 IC-4
O 1C4 1 \4C4 I}4J 5J0 J
916 19J 44 44 92 51 100
51J ~,$ J6 7 7 42 562

209. 112E.1J1O6
)1.19 446 150 .111 .0766
0126 1 1 H 711 12 %2

.259 122 0551 .011 01?s

.1140! 106444

.0571 6 )6C.J 5 4SE J l.tOCl IC-2
.1 .0506 4 llEJ 5.10C-4 lC-J

01 6 @J&-J J.72C-4 4 04C-4 J 2BC-0
:001 9.4\e-4 t Ollc-1 1 5JR-J It-l
lJ!-4 40P 1C4

SUE-1 UJP= 1~1 PAL*-WJ CRG+l
M -1 :
D (JO lo

L 1 172$ : JJ

D 10 10
So:prc ot~~t.~ THE Socacc WAS Daoxc!l INTO SCVCMYCCIV COKCWYR:C

SI%GS r,jP STATIS7;CAL BtAS;SG ‘WC I* tWSR OJ%OS WK@C CWXCS TO
.%ATCM TttJ! FIPs1 TM) COSJSC BI%S ?00 TW RCBRA ?aLLY TO JRPJfOVg ?JtCtR

STSIISTJCS WC BtASCS 7MCXSCLVM WtM CWMRN OPIGIMALLY ACCf)BOf#O
TO A I/m DISTRtB1.Tf9% MO YwCW SOPtC%Cb BY TStAL AW CB@OR.

A O 61J 58 121 ‘J/ 2G0 1000 )000 4000 5CJ 1C4 2C4 ICC 4C4 5t4
*C4 7C4 IJCQ %C4 JC$

O 006958 012192 .02 10 J 4 .> I 2 J4 %6 109 10
0 lG \OO \50 20G 120 J2 O J J 1 J 4 20 11 .060 02J

01) .00015 9904

~ POIW JXTCCTOR WAS PLACtD 91 CR{) =) ADOVt TMC GPOL’SD
AT TMC OEIGISJTS YALLT WAS lJJCN UULTIPLJCD BT A*: TX CAPD AS
SHOW% YO OSTAtS YWC Lx39C ADS4MB’.D TJ4CSC, nfls Jms mNc YOOWAIM
Ywz Cmsc WIWP ?Kms.

?$.P 0091441

PS5 s 107O4C-$ 2 -s -6
PQs s?

o
S0 CA~ULATS YJJC S..CLAS RCSJM BATC PCS 8TESAD:AH ST COStSC BIJU,

S DxT9AX S-SC WAS 4?SS070 STk71STlCSLLT ~E#?RATS PAW:CLCS

Table A.6: (cent)



,.

c
c
c
c
c
c
c
c
c
c
r
c f+)LLIr,c[, BCTWCC%] AND 999 TIXCS,
c ALSO spcclrlcb wIn4c PTl CASD r-v
Dx1:V O 0 91 44 IC-10 501 lI!-29 tc-)0
?l.P 44
CI r -,9 - @ - 1 - 6 -.S- 4 - 1-.2 -

I 2 .) 4 \ .6 .7 0 .91T
C9I 1.591$5 19@
Pglcu
rw1 1117!25 2 -5 -6
=3 Pavool$xc
?s1 o 999
PSDRP 2J 1
n; 0016 -o J4

13021 -O!ol

12000 -o 10

1)027 -0 0)
14000 0 10

16012 -0.0)
aoooo -o 01

26000 -0 29

28000 -o 01
7?2 7014 -0.1010

Ooit -0.20$7

19000 -0.007B

12000 -0.0012
●a;w -100
Ws 1s00000

riic ms2hc #l* .Sf-M!fw W-TOP wh!J
0?7 ION.

10

Table A.6: (cent)



;:
3-
4-

:.
7.
a
9-

to -
ls-
12.
?3-
14-
$5-
16-
o?-
t8-

.
z“

::.
23.
~~.
29-
26-
27“
m “
39”
30”
3t”
.32.
33-
34-
39”
36-
37”
38 “
39.

40”
49.
42*
43.
44-
45.
46-
47.
48-
49-

.

:“
w -
53”
w.
w.
96.
47’

!Ict coba It bonchmarh probtcm

c
c
c
e
c
c
c
c
c

c
c
c
c
c
c
c
c
c
c

t
c
c
t?

;;
23

c
c
c

go
52
53

c
c
c

101
c
c
c

20t
202
203
204

X

th. WtW bound9rv

-g : bz : +3

trw cmntgtor stand

-7 874 -2? ●22 ●1
“0.00025 “22 ● t
-1.49$ -at

tho Stoot cmntstor

-7 874 “St ●52
-7.074 ● 24 -53
-7.a74 .~~ ●53

t- tottott bloch

-2 f -~~ 453 .*

tfu ● tr

TalJc A.fi Inptstfilc for13cnchmarkSix: Ifttpmobile airdoacgcomctry.
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98 “
99-
60.
69.

:;:

::-
66-
e7 -
68 “
69-
70-
7?-

.
;: -

H.
76-

.
:;-

.
::-

:; -
83 “

.
::-

:?:
@e “

%
91-
92-
93.

-
E.

.
%
98.
99.

$00-
fot-
103.
fo3-
m4 -
O@ -
W6-
to7 -
loS -
to9 -
9 to-
tll.
t$a.
t$3-
tt4*
1 15.

24
c

St
52
S3

c
53
se
97

c
201
202

.memap
c

$W”$l

c
●at

9*1
●p t

c
c
c
c
c
c

Cz i4 605
Ca 13.97
Cz 6.98S

ps 50.
pz 1s0.

mlcarta/canntstor tntorfaco -s2.23”

glan4 tlwOu@ sourco
plans ●t ● tr dstsctor

co

c’
c

m?

c
ma

c
*3

c
m4

c“
e
c
c
-S

to?ton
6000 .333
9099 .667

to
am 1,0

● ft’
7ot4 .o.7sl@
0016 “0.2097

foooo “o.m73
t2000 “0.mta

LIP

“3007
Wfs .5

.0375

.4025

TnIAc AT: [cm)t )
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1.
4“
%.
r)-
).
ft-
‘8.

11).
11-
12-
13.
14”

.
::,

K“
.

R.
21
22”
2J.

.
::.
26.

:::
29.
JfJ.

.
M“

.
“;;”
15”
)b-
97.

.
K“
40.

.
::”

4J-
.

::.
.

:: “
48.
49”
50 “
;:-

53:
54 “
55 “
56-
57 “
5e.
59.
Lo.

1’ IWJI I I I I MI; WI fll 1 I LIY 71 It!i JW071DJX) AIIM; fTS AXIS Ar St’W-
[’ IKI toll1NrFl(VA1.S TJW PO I N? SOUR(”F WAS 1.WA7H) 1 METFR VII(W4 ONE
(. VIM;Y (IV TNF (.YI. IN[)JW Alr)W, 1IS AXIS .
1. rltv Tti} I.m ~.YLIMiW.H HAS srtw. WAI.LS 1/4 INCH THICK AND WAS
(“ I)IV II)Y[) Ittlo (’MLL.S TH~T WMF II; SKS AIK)W, 1?S AXIS AttD RltO!”~ ~~N-
(. c.NNTMlf” Wt TM rlfl%t tIISRS ftt~ Ct%I.! WV*I! 2.54 ~M Ttt IcR ALoNG. rtl~ AX IS.- r)fl S IS APPROXIMATE.LY t MFP OF CAMtAS Ill ?WL(MJ. A
: T~N.MVJfW SPJWRV CFNTERFD AT TJW CkMTE* OF THE CYLIMCWtr FoBJWO
c THV R(WJNIJAIJVW THC PRWtLOt.

1 2 .).BJ4 .14 12 .lrJ
2 2 -f. tJ14 *IJ 15 16 ‘Itt
J J -0.00125 .1? l% .16
41 -2 1 .i2 i{) “16
% I .2.1 .1OJJ -Ib
61 -2.1 “J160t6
71.2.I”64”14S
et .2.1 .42 1%
9 1 -2 1 .2 1 -16

101 “Z.1 ‘i 3-14
l] 1 “2.1 .3% ●lt
12 1 .2 1 .5 1 .Ia+
1) 1 “2 1 “7 9 .:6
14 1 .2 I .? 11 -s6
15 1 -2.1 -Ii 1) -16
lb O
IJ I .2!; 11 “’J 16 -17
lu I .2.1 0 .+ 16 .17
10 J -2 I \ -1 t6 .17
20 1 .2 1 1 .4 16 “17
21 1 “2.1 4 .8 16 ’17
22 1 “2.1 8 -12 16 “17
21 1 .0 0012% .15 .19
24 J “000125 ~5 10 .14 ‘t9
2% J “0.00125 14 -19
A6 2 -7.814 13 .9 11 -la
2) 2 .7.@74 9 “5 17 “lo
ae 2 .7.JJ74 5 .1 II “la
29 2 -i.874 t “4 17 “10
m 2 .7.0?4 4 “c 17 “la
11 2 “7.n74 a “12 17 “1$

lPao
2 PX 2.54
J P% -2,54
4 Pa 5.o#
5 Px .5.08
C PX 7.62
7 PS .7.62
fJ PX S0.16
9 w! .10.16

10 P% 3270
11 M .l?.”JO
t~ Px 15.2Q
IJ PS ●1.5.24
44 Pa j$,ol$
15 PS .16.19J

Tabk A.8: Input fi,kfor BrnchmarkSix: Hupmobi!c acotdhJrlhJ14? geometry.
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16 eX 6 OR5
4“ l)~vfi H IW)ES Nor WANT % 4%0 IJf?x 1?.841
(“ ;,AVY II [MN’S ?$01 WANT %. 1“ In Cx 14.4)8
(“ [IAV~ H Wl[.1. SHRINK IHE fNJIFR Boy. 19 60 1t4

11 CR 1)9? s [“AMMISTER INNER BDV. (% %0)
18 CX 14.6fl% S CAMMISrHI 0U7tiR WY. t% 1%0)
If? so 300

c 100 Pz .)5
c 101 PJ! . )5
c 102 PY .07. IOD W “.07;, 104 P% -14.99
c 10% Px -14.17
c 106 PX .1).15
c 10/ Pa .12.50
c 108 PX -11.66

lfJ9 Px “1O.82
: 110 Px “? 96
c Ill Px “0.]4
c i12 Px “6.0s
c 111 Px “5.39

114 Px “3.e6
: 115 Px “2.41
c 116 Px 0.48
c 117 Px ).11
c 119 PI 6.~0
c 119 Px 9.30
c 120 P%14.70
c 121 Px -115.14

mm P. lMPOfWANCFS: lMPWTAKt5 tmac D&rcaMINcD BY Dccaml%lws we
; IMPOR7ANCC OF Wlt CI?LLOV A FACIOR OF TW PtM EACH WP WJt?Mt!R
c AWAY FORM ?W! SOURCE t? ?S LOCAf~.
IwP:P 64 2 2 64 64 12 12 16

16a844220124
:61:2)2 I 5 10 I 2 4 s

SIWF PoS- “115.24 O 0 ESC-D1
DlltoD2 VEC-1 9 0

Sit L 1.112% l.))
SP1 01.0 1.0
c Souacf nlAsIac.” THE Souam WAS 91ASSD ?0 UJtm We aAJoaIw
c OF [Ts PARTICLE Ill TWJ ttALF.CONES SUMCUDIW f4k! ?~~
c CYL!llOfR ANCI THE JWTR~WC DCWCTm
sf2 n .1 .0.9999 “0.9 .0 0 .? .0 .9 .90 I
SP2 DO .0001 .0999 .1 l.~ .t .1 .08 .O~
Sit? Do 01 ,0$ .2 I 52050 100
c twINT 0F?fc7~BS W? Wm Wets ?Sf-t.ttS W~\ ~L?lFJ,tkXY BY AM
c f!4CARD TO OS?AIS 00SE.

F$:P “14.9900 .1 .14. 1700
‘lJ.J300 .1 “12.5000 .i
-11.$600 1 “]0.92 n n $
“9.96 o 0 I .0)600 .
-6.88 0 0 .1 ‘3.3900 :
“1s600.1 .24100 1
:,:::: .: )Ilooi

$.jlJofJ ,1
14 79 c ‘1 1

f- *’ ~ .ils,it ‘. J 1
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12%”
l~b-
12)-”
1213-
129.
i Jo-
lJl-
112”
I)J”
114”
; ;:””

.
117”
118”
IJ9”
140”
t41”
)42”
14}”
144”
i4%-

r PNYS:P J 1
Pww’
f.
C l!AV~ M M/s MA{I~ (-kMfto# MAtf!bAl : Ah[tOtt, Atto NAS ADOE13 t.t~
c V{)R tMt CIU$YTOR
(“
Ml 6(lr)o ?JJ

9019 .66i
#t2 26000 1.0
HI 7014 -o.7tt18

0016 -0.209?
loom! -0.00))
12000 .f3.o~12

r LIF !MATUttALLI)
U4 3006 .0375

3001 . 4ba5
9019 .5

?nltn
RPS 1250000

Tddc A.8: (tout)

I

I

I
!)1 I

I

I



1- tlIl cobalt bmchmark problem
c this file uses scrip to andel thf hurmc>blle thermO -
C
c
c
c
1“
c

c

c

c!

c
c

c

c

c

c

)2 1 “2.1 .120 10 “16
)1 1 “2.1 -119 6 -16
M I .2.1 .11s 4 “10
M i “a I .117 2 “I*
.f6 i .2.1 “116 1 .16
)7 1 -2.1 “11% ) -1*
)$ I .2.1 .114 5 “16
)9 t .a.l .lIJ 112 “It
40 1 -2.1 -112 7 .16
41 I “2.1 “It: 110 “16
42 I -2.1 ●110 9 ●16
41’1 “2.1 .103 100 “It
44 1’”2.1 too 10/ “16

—



r

bl -
bd.
6).
bb .
65-
6b “

6)”

60”
69.
“?tt.
71.
Ja.
“1)”

;:-
’76.

.
;;.

.
::”
si-
02.
OJ.
94 “
W “

:::
80 “
89-
90.

.
:; “
93.

:: “
96”
9’) .
W.

.
%
101”
102.
101.
io4-
ios -
lfJb-
#07-
10s.
1o9-
110.
ill”
112.
11).
1s4”
11%”
116.
IIJ.
110.
119.
120-
12J.
122-
lJ1.
124”

c
v

Cakuhted ad cum.

.

—



P .14 99
-12 ●10

.14.17 2.54 .1 “IJ,J% 2.!)4 .1
-lt.tt 2.54 .1 “1O.82 2.%4 .1
“0.1*0 2.$4 .1 -6.s00 2.54 .1
.1060 2.%4 .1 .2.010 2 %4 .1

1 110 2.$4 I 6.2fJo 2.34 .1
j4 700 2.%4 .1

‘.066 4 -s

I

TddcA,!k (mnr)


